Wet and dry deposits were collected using an automatic fractionation precipitation collector for three and a half years in Matsumoto city, central Japan. Because of the imperfect collection of some inorganic ions, the fraction collected as dry deposit is named "dry dish sample" in this study. The collected samples were analyzed for major cations and anions using ion chromatography. Based on the elemental ratios, Na + , Cl -, and Mg 2+ in the precipitation are considered to be of sea salt origin. However, the Cl -found in the dry dish samples was deficient with respect to Na + , possibly resulting from chlorine loss from aerosols, and the Mg 2+ content of dry dish samples is thought to be derived from the soil. Abnormally high concentrations of Ca 2+ and SO 4 2-were observed in both the precipitation and dry dish samples for a few days after the eruption of Miyakejima volcano. The Na + and Cl -concentrations in precipitation showed high values in winter, and the yellow sand carried from China in the spring affected the concentrations of Ca 2+ and Mg 2+ in the precipitation, as well as those in the dry dish sample. High time-resolution sampling of the precipitation disclosed short variations in its composition, which would have otherwise escaped our attention. When continuous precipitation from stratiform clouds occurred due to a warm front, the concentration of chemical constituents in the precipitation was high in the first fraction of precipitation, but was subsequently markedly reduced. On the other hand, when intermittent precipitation was produced from cumuliform clouds due to a cold front, it became more complex: in such cases, there was no predictable pattern for the subsequent concentration fluctuations, i.e., the concentrations of the chemical constituents fluctuated within a day.
pogenic sulfur exceeds those derived from natural origins (Cullis and Hirchler, 1980) . Similarly, NO 3 -is largely released due to human activity, and NO 3 -of anthropogenic origin exceeds those derived from natural sources such as biomass burning, biological activity in the soil, and lightening strike. North American statistics have demonstrated that the NO 3 -concentrations in precipitation have significantly increased since the end of the 19th century (Brimblecombe and Stedman, 1982) .
Spatial variations in the chemical concentrations in precipitation are closely related to the respective origins of the chemical substances contained therein. For example, in seaside regions, some specific ions from sea salt are often observed at higher concentrations in precipitation, whereas, in inland areas they are at lower concentrations (Suzuki, 1987; Ueno, 1993) . Similarly, chemicals originating from man-made sources will appear in high concentrations if the precipitation occurs at or near sites of release; for example, Suzuki (1987) has reported that the SO 4 2-constituents found in the winter precipitation in Sapporo city are highly concentrated downwind of the city center.
INTRODUCTION
The origins of chemical substances in precipitation can be divided roughly into three groups: sea salt; rock and soil; and anthropogenic sources as well as other biological activities. Na + , Mg 2+ , and Cl -in the winter precipitation near Japan Sea are of sea salt origin (Takahashi, 1963; Suzuki, 1987; Ueno, 1993; Suzuki and Endo, 1995) . The K + is also likely to originate from sea salt, but could also be derived, at least in part, from burning fossil fuels and/ or emissions from biological sources such as plants (Andreae, 1983) . It is known that Ca 2+ originates not only from sea salt, but also from soil particles such as yellow sand (Iwasaka et al., 1988; Suzuki and Tsunogai, 1988) . NH 4 + is derived primarily from farm animals and fertilizers (Walker et al., 2000) . The major natural sources of SO 4 2-in precipitation are sea salt, marine phytoplankton, and volcanoes; however, due to the increasing amount of sulfur oxide being released by fossil fuels burned during the course of human activity, the contribution of anthro-is an important issue for hydro-chemists, who intend to determine the causes of such fluctuation. It has been reported that the concentration of elements of sea salt origin in precipitation is highly correlated with the height of the convective mixing layer of clouds (Suzuki and Endo, 1995) . On the other hand, anthropogenic chemicals generate acid precipitation. The determinants of short-term fluctuations in the concentrations of the chemical constituents in acid precipitation have not yet been revealed. However, it has been reported that cyclones passing through the south of Honshu, and not winter monsoon pressure patterns, have led to higher concentrations of acidic chemical substances in the winter precipitation (Suzuki and Endo, Y., 1994) . Long-term fluctuations, such as seasonal and yearly fluctuations, have been reported in many papers (e.g., Al-Momani et al., 1998; Andreae et al., 1990; Baez et al., 1997; Galloway et al., 1996; Jordan et al., 2000; Stottlemyer and Toczydlowski, 1999) .
There are two means of transporting chemical substances from the atmosphere to the earth's surface, i.e., "wet deposition," which deposits the chemicals via precipitation, and "dry deposition," which deposits such chemicals not by precipitation, but rather by settling due to gravity or inertial impaction. Dry deposition has been investigated in order to evaluate material balances and biogeochemical material cycling (e.g., Jassby et al., 1994; Lindberg et al., 1986; Lovett and Kinsman, 1990; PradoFiedler and Fuenzalida, 1996; Xu and Carmichael, 1998) . It is difficult to measure dry deposition routinely, as some ions once collected on a dry surface tend to evaporate from the surface. Particulate matter is barely re-diffused by wind from the surface, but more than 50%, 40%, and 20% of NO 3 -, NH 4 + , and Cl -, respectively, were observed to evaporate after depositing onto the dry surface (Shimohara and Ueda, 2004) . In this study we employed equipment with a dry surface collector to take advantage of its automatic operation and paralleled sampling of wet deposition. In this study, samples collected on the dry surface are referred to "dry dish samples". Dry deposition fluxes are calculated as the product of the estimated deposition velocities and atmospheric concentrations of gaseous and particulate substances (Fujita, 2004) .
In the present study, precipitation and dry dish samples were collected over three and a half years in Matsumoto city. The concentrations of major chemical constituents in these samples were determined. Then the respective sources of these chemical constituents and the potential reasons for concentration fluctuations were discussed. Matsumoto city has a population of approximately 210,000 people and is located at the southeast edge of the Matsumoto basin, approximately 90 km from the Japan Sea, and is around 140 km from the Pacific Ocean.
West of Matsumoto are the Hida Mountains (3,000 m altitude), and the Tsukama highland (2,000 m altitude) is located in the eastern region. The main industry of the city is agriculture.
METHODS
Wet deposition (precipitation) and dry dish samples were collected on the rooftop (18 m height above the ground) of a six-story building of the Faculty of Science, Shinshu University, in Matsumoto from March 1997 to September 2000. The device used for collection had an opening of 706.5 cm 2 for the wet deposition samples and 397 cm 2 for the dry dish samples. This device is referred to as an "Automatic Fractionation Precipitation Collector (Usui Kogyo Co. Ltd.: RWG-800)," which can separately collect wet deposition and dry dish samples. The opening for the wet deposition samples was typically covered with a lid. This lid moved over to the dry dish sample collector side when the sensor detected precipitation. At this point, it was possible to collect only the wet deposition sample into polyethylene bottles using a funnel for a specific amount of precipitation. This device was set to collect a wet deposition sample for every 1 mm of precipitation. The samples were weighed and the amount of precipitation was accurately calculated. The container for the dry dish sample was removed every week from the device, and 500 mL ultrapure water was added to an ultrasonic washer, which loosened the deposited materials from the wall of the container. After filtering both types of samples, electric conductivity and pH of the filtrate were measured. The respective concentrations of the major dissolved components (Na + , NH 4 + , K + , Mg 2+ , Ca 2+ , Cl -, NO 3 -, SO 4 2-) were measured by ion chromatography (DIONEX: DX-500).
CLIMATE OF MATSUMOTO CITY
The inland region of Honshu (mainland Japan) has little precipitation, i.e., less than 1500 mm/year, as do the inland of Hokkaido and the Seto inland sea. Matsumoto experiences even less precipitation, with an average of 1018.5 mm/year. Winter monsoon does not directly affect this region because of the 3000 m high mountains on the west side of the city.
This study was carried out from March 1997 to September 2000. Figure 1 shows the monthly mean air temperature, monthly precipitation, and monthly maximum snow depth from January 1997 to December 2000 in Matsumoto. In the four years, the monthly mean air temperature of every January was approximately 0°C, which was similar to the normal temperature of January's monthly mean air temperature of -0.6°C. The warmest month's (August) mean air temperature was also similar to the corresponding normal temperature of August's mean air temperature of 24.3°C; these observations indicated that the variation in temperature reflected those of an average year.
Monthly precipitation reflects variations in the Pacific Ocean region, which tends to have a large amount of precipitation in the warm season, and less in the cold season. The normal annual precipitation in Matsumoto is 1018.5 mm/year; however, the respective annual precipitation amounts for each year of the study were as follows: 809.0 mm in 1997, 1282.5 mm in 1998, 1148.5 mm in 1999, and 1003.0 mm in 2000. The greatest amount of normal monthly precipitation in Matsumoto was 162.3 mm in September, but in June and September of 1999 and in October of 2000, the monthly precipitation exceeded 200 mm. The lowest level is typically in January with 31.1 mm; however, both Decembers in 1999 and 2000 had levels of 0.5 mm and 1.5 mm, respectively, which indicated that some months during the study had almost no precipitation.
Considering that Matsumoto experiences the lowest levels of precipitation in the cold season, there is not much snow, except for record-making weeks started from the middle of January, 1988 when a snow depth of 69 cm was observed.
RESULTS AND DISCUSSION

Reliability of sampling procedures and analytical methods
We will first turn our attention to the procedures used for sampling and assessing the validity of the chemical analysis. Figure 2 shows the relationship between the monthly precipitation at Matsumoto Weather Station, 800 m southwest from the location where the samples were collected, and the monthly integrated amount of the precipitation samples collected. Precipitation is one of the meteorological elements, which lack interspace representativeness, and both devices have different sizes of open area. Taking the limitation of the representation into account, both the precipitation data formed a 1:1 relationship, except for the data taken when the "Automatic Fractionation Precipitation Collector" was not in good order.
As is stated earlier, the dry dish samples are not suitable for the estimation of the dry deposition flux of some species owing to their low recovery. NO 3 -, NH 4 + , and Cl -are observed to evaporate more than 50%, 40%, and 20% after depositing onto the dry dish surface (Shimohara and Ueda, 2004) . In this paper, we will mention the dry dish sample as a part of dry deposition. calculated by adding cations to the H + concentration calculated from the pH; the total anion equivalent concentration should be equal to the total cation equivalent concentration. Figure 3 shows the relationship between the total cation and anion equivalent concentrations. The results reflect a ratio of 1:1 between them. The relationship between the measured and calculated total equivalent electric conductivities also produced a 1:1 line (Fig. 4) . The latter was calculated by the equivalent concentration of each ion (Fig. 4) . Considering the present results, the major ion species were all accounted for in the analysis and the accuracy of the analysis was satisfactory. Some samples are plotted below the 1:1 line in Figs. 3 and 4, probably due to some organic ions, which were not determined in this study. It is well known that significant amount of organic acids including formic, acetic and oxalic acids are present in precipitation (Keene et al., 1983; Keene and Galloway, 1984; Sakugawa et al., 1993) .
Origin of each ion in precipitation
We determined whether each ion contained in the wet deposition samples was either of sea salt origin or of nonsea salt origin (Suzuki, 1983: Suzuki and Endo, T., 1994) . The relationship between the concentration of each ion and the Na + concentration in the precipitation samples is shown in Fig. 5 . In most precipitation samples the concentrations of Na + and Cl -ions fall close to the seawater line, suggesting that the two ions were of sea salt origin. In three samples, the concentrations of Cl -exceeded 200 µeq/l; these samples were collected on February 9th, 11th, and 12th in 1998. During this time, the Siberian High developed and the winter monsoon created a strong gust of cold air to Japan, and it was snowing in Matsumoto.
Similarly, most samples assayed for the Mg 2+ concentration revealed a rough correspondence with the Na + concentration in terms of a seawater ratio. However, in some samples the Na + concentration exceeded the corresponding Mg 2+ concentration to seawater. These samples were considered to reflect Mg 2+ of non-sea salt origin. As was previously suggested by Suzuki (1983) and Suzuki and Endo, T. (1994) in the winter precipitation near the Japan Sea, K + was also of sea salt origin; however, in the case of the precipitation in Matsumoto, the K + concentration was considerably high, exceeding that expected for sea salt origin. Moreover, K + in the air was thought to have been released from biological sources such as plants as well as from sea salt. Figure 5 shows that the K + in the precipitation in Matsumoto was primarily not of sea salt origin. The Ca 2+ and SO 4 2-in the precipitation in Matsumoto were also not derived from sea salt. In particular, three samples from 1600 to 1700 LST on August 29, 2000 showed a Ca 2+ concentration over 500 µeq/l. Early morning on that day, there was a volcanic eruption on Miyakejima island, which is approximately 200 km southeast of Matsumoto; this eruption that might account for the high Ca 2+ and SO 4 2-concentrations in the precipitation samples (Fujita et al., 2003; Matsuda et al., 2004) . On the other hand, a high concentration of Ca 2+ and SO 4 2-was observed in samples containing yellow sand that were transported from winter to spring (Zhang et al., 2006) . Table 1 shows the correlation matrix of each ion concentration. At the upper right half of the Table is the correlation matrix for precipitation. The correlation coefficient among the Na + , Cl -, Mg 2+ ions was high, and these ions were all derived primarily from sea salt. However, some of the Mg 2+ did not originate from sea salt. As the correlation coefficient between Mg 2+ and Ca 2+ was quite high, these ions were most likely derived from soil. Due to the high correlation coefficient between NH 4 + and NO 3 -, these ions were most likely from fertilizer (NH 4 NO 3 ) used for agricultural purposes (Walker et al., 2000) .
Seasonal variation of each ion concentration in precipitation
The monthly amount of precipitation and the precipitation weighted monthly mean concentration of each ion in precipitation are shown in Fig. 6 . The sampler was set from March 1997 to August 2000, but because the monthly amount of precipitation in December 1999 was 0.5 mm, no precipitation sample was collected. The monthly amount of precipitation increased during the warm seasons and decreased in the cold seasons. Na + and Cl -concentrations were high from January to March, and were lower in the other months. These ions were thought to be of sea salt origin, and these ions showed high concentrations in the winter season only. The Mg 2+ and Ca 2+ concentrations were high from January to May; it should be noted that from winter to spring, a tremendous amount of yellow sand is carried from the continent of China, as is ordinary dust from agricultural farmland in the springtime. On the other hand, the NH 4 + , K + , NO 3 -, SO 4 2-concentrations showed no such seasonal variation.
The variations in proportions of each ion species in the precipitation samples are shown in Fig. 7 . The data of the monthly weighted mean concentration were used to draw this diagram. It can be seen that the NH 4 + and K + proportion increased during the warm periods of summer and autumn. The NH 4 + was considered to have originated from farm animals and fertilizers (Walker et al., 2000) , but the NH 4 + ratio in precipitation increased during the warm season. The K + ratio increased in the warm season because fertilizers and plants both release K + . The Ca 2+ ratio increased in the cold period from winter to spring as a result of dust particles carried from the Chinese continent, including the yellow sand brought by northwestern monsoon winds. With respect to anions, the Cl -ratio increases in winter; in Matsumoto, anions from sea salt are brought in with the winter snow. The NO 3 -ratio decreased in winter and increased in the summer. This variation is considered to be caused primarily by the use of fertilizers and agricultural activity. Figure 8 shows the relationship between the daily amount of each ion and Na + ion in the dry dish samples. The dotted lines show the ratio of seawater. The correlation matrix for the amount of dry dish sample of each ion is shown in the lower left half of Table 1 . Among the ions studied, Cl -and Mg 2+ were found to have the highest correlation coefficients with Na + . However, the Na + to Cl -concentration ratios of the dry dish samples were not found to be similar to those of the seawater, and these ions are widely scattered around the dotted line. In particular, the Cl -concentration in the dry dish sample was lower than that in the seawater ratio for Cl -/Na + . This was probably due to chlorine loss in aerosols (Eriksson, 1959; McInnes et al., 1994; . On the other hand, the Mg 2+ concentration was higher in the dry dish sample than it was in the seawater ratio for Mg 2+ / Na + . The reason why the dry dish sample was Mg 2+ rich was possibly because the dry deposited Mg 2+ was supplied from the soil. As regards the Ca 2+ and SO 4 2-deposition amounts, abnormally high values were observed from august 22-30, 2000 by reactivation of the Miyakejima volcano (Matsuda et al., 2004) . Figure 9 shows the monthly amount of dry dish samples. The amount of dry dish samples for Na + and Cl -were low from May to September and high from October to April. Both Na + and Cl -were thought to be of sea salt origin; the northwestern monsoon wind in the cold season brings these ions inland from the Japan Sea. The warm seasons produce more precipitation than the cold seasons, which leads to the dissolution of both Na + and Cl -in precipitation. At the same time, it does not exist much as aerosol of large particles such as sea salt, because sea salt particles are deposited via precipitation. Similarly, NH 4 + , which has a high solubility, was only slightly present in the dry dish samples during the warm seasons. The K + amount of dry dish samples from March to May was large due to the sprouting of plants and the release of organic matter from plants. The Ca 2+ and SO 4 2-amounts of dry dish samples were markedly high in August 2000 because of the eruption on Miyakejima Island.
Origin of each ion in dry dish samples
Seasonal variations in dry dish samples
Annual ion flux in wet and dry deposition
The data obtained from April 1997 to March 2000 were used to calculate the annual fluxes of ions in wet and dry deposition. Table 2 shows these annual fluxes and the national average of annual wet deposition in 2001 compiled by Japanese Ministry of the Environment (Acid Deposition and Oxidant Research Center, 2004) . The annual fluxes of dry deposition estimated here should be considered as a minimum estimates for the reason mentioned above. The annual flux for the three-year period is shown in Table 2 . Fluctuations in the amount of each ion were not found to be dramatic, i.e., the same tendency was observed every year. The most abundant ion in the March, 1997 to August, 2000 wet deposition samples was SO 4 2-, followed by NH 4 + , NO 3 -, Ca 2+ , Na + , Cl -, K + , and Mg 2+ . However, Ca 2+ was most abundant in the dry dish samples, followed by SO 4 2-. Mg 2+ was scarcest of the ions measured in the wet deposition samples, and also showed the second-lowest amount of dry dish samples, following K + . For each ion species, the ratios of fluxes of wet deposition to dry dish samples are shown at the bottom of Table 2. The Ca   2+ showed almost the same amount for both wet deposition and dry dish samples. The amount of Mg 2+ in wet deposi- Seasonal and temporal changes in the fluxes of major inorganic ions via wet and dry depositions 619 tion was 1.4 times greater than that in the dry dish samples. For NO 3 -and NH 4 + , the amount of wet deposition was five times greater than that of dry dish samples; these two ions were more prevalent in the gaseous form (rather than as aerosols), and they were thus more easily taken up by precipitation. The amounts of wet deposition for Na + , K + , and SO 4 2-exceeded those of the dry dish samples.
The results of this study shows that the annual amounts of Na + , Mg 2+ and Cl -in wet deposition in Matsumoto were only 1/10 of the national average in 2001 (Acid Deposition and Oxidant Research Center, 2004) , because of Matsumoto as an inland city. The flux of K + as wet deposition was almost to that for the national average. The annual amount of wet deposition for other ion species in Matsumoto was approximately 1/3 or 2/3 of the national average.
Precipitation chemistry and weather conditions
Because the precipitation samples were collected for every 1 mm of precipitation amount, it was possible to investigate in detail fluctuations in the concentration of various chemical constituents over time. The following discussion addresses two examples, namely, precipitation in the area anterior to a warm front, and the precipitation caused by the passage of a cold front. Figure 10 shows the surface weather chart from both 300 and 1500 LST on April 1, 1998. There was no precipitation for four days from March 28 to 31 of that year; however, a cyclone accompanied the approach of a warm front, and it continuously snowed starting at 1200 LST on April 1 until the following morning. From 12 to 21 LST on April 1, the temperature was below zero degrees, and until 700 LST on the following day, the temperature remained under 1°C. Until 900 LST on April 1, no snow cover was observed; however, the snow depth increased to 4 cm at 1500 LST, and at 1900 LST, the daily maximum snow depth was observed at 13 cm. In Matsumoto, it is common to observe snow with the passage of an extratropical cyclone along the south coast of Honshu in the spring, and this was a typical storm. During this period of continuous snow, Matsumoto was ahead of the warm front and was clouded over by stratiform clouds. Figure 11 shows the electric conductivity (EC), pH, and the concentration of each ion in the precipitation samples. Each ion concentration was high in the first fraction of precipitation, but afterwards, all of the concentrations decreased. In response to the concentration fluctuation, the electric conductivity in the first fraction of precipitation reached as high as 38.4 µS/cm, and then declined rapidly. On the other hand, the pH values of the initial precipitation were approximately 6 until 1900 LST, after which the pH values decreased to 4.83 at 200 LST on April 2. The SO 4 2-and NO 3 -concentrations in the precipitation increased concomitantly with the decrease in pH. Investigation of the fluctuations in the weather conditions on this day revealed that from the point in time when it started to snow until 1800 LST, the wind was blowing from the northwest or west. However, after 1800 LST, the wind changed direction, i.e., it came from the south to the west-south-west. There are no cities northwest of Matsumoto, but there are large cities to the southwest, such as Nagoya. Thus, air contaminated with SO 4 2-and NO 3 -came from those large cities when the wind direction changed at 1800 LST, and the precipitation contained more SO 4 2-and NO 3 -, leading to a subsequent decrease in pH. Figure 12 shows the surface weather chart for 900 and 2100 LST on April 14, 1998. No precipitation was observed for the four days from April 10-13; however, with the passage of a cold front, it rained intermittently from April 14 in the morning until the morning of April 15. The intermittent precipitation was due to the cumuliform cloud brought in by the cold front. The electric conductivity (EC), pH, and the concentration of chemical constituents for the precipitation samples taken during this period of time are shown in Fig. 13 . The changes in these values differ significantly from those associated with the consecutive precipitation caused by a stratiform cloud accompanying a warm front (Fig. 11) . The fluctuating concentrations of chemical substances in the intermittent precipitation from the cumuliform cloud were more complex. No pattern of concentration fluctuation was observed in the latter case; the concentrations were found to repeatedly increase and decrease over the course of a day. Differences between fluctuation size and fluctuation tendency were observed for each ion species analyzed. On April 14, from 1900 to 2300 LST, there was continuous precipitation with strong precipitation intensity; however even in this case, no particular tendency was observed with regard to ion concentrations in the precipitation over time. In fact, no trend was observed in terms of ion spe- April 14, 1998, and (right) 2100 LST on April 14, 1998 cies, pH, or electric conductivity. Precipitation from cumuliform clouds tends to be intermittent, since it does not precipitate between cumuliform cells. The duration of precipitation and the precipitation intensity are known to depend on the size of cumuliform cells. Similarly, each cumuliform cell will take in aerosols from the surrounding air mass by an entrainment process.
CONCLUSIONS
This study revealed the geochemical uniqueness of the wet and dry deposition in Matsumoto city. The reason for the uniqueness is attributable solely to its geographical setting, which blocks entrance of soluble ions into the basin removing them as precipitation. Similar amounts of K + , Ca 2+ ions to those supplied in other areas are supplied to the basin as wet and dry deposition. They are considered to be supplied from local soils (and/or vegetation) and yellow sand, respectively and a characteristic seasonal variation in the flux patterns is seen to support this consideration.
High time-resolution sampling adopted in this study depicted some unique changes in the composition of ions in precipitation characteristic to the passage of fronts. The accumulation of similar case studies is needed to systematize composition changes in precipitation involved with front passages, which might provide auxiliary data to understand the mechanism of droplet formation in fronts.
